Infant exposures to metals are a concern for mining-impacted communities, although limited information is available to assess residential exposures over the first year of life. We measured lead (Pb), manganese, arsenic, and cadmium in indoor air, house dust, yard soil, and tap water from 53 infants' homes near the Tar Creek Superfund Site (Oklahoma, USA) at two time points representing developmental stages before and during initial ambulation (age 0-6 and 6-12 months). We measured infant metal biomarkers in: umbilical cord blood (n = 53); 12-(n = 43) and 24-(n = 22) month blood; and hair at age 12 months (n = 39). We evaluated cross-sectional and longitudinal associations between infant residential and biomarker concentrations. A doubling of mean dust Pb concentration was consistently associated with 36-49% higher 12-month blood Pb adjusting for cord blood Pb (P ⩽ 0.05). Adjusted dust concentration explained 29-35% of blood Pb variance, and consistent associations with other media were not observed. Although concentrations in dust and blood were generally low, strong and consistent associations between dust and body burden suggest that house dust in mining-impacted communities may impact children's health. These relationships were observed at a young age, typically before blood Pb levels peak and when children's development may be particularly vulnerable to toxic insult.
INTRODUCTION
Metal exposures are a concern for communities near active and legacy mining sites around the world. 1 Exposures of young children are a particular concern as early exposures to metals, commonly found at mining sites and hazardous waste sites, are associated with neurodevelopmental deficits, 2, 3 and synergistic effects are possible. 4 Children's exposures may be higher compared with adults because of differences in behavior and physiology. 5 For example, young children play close to the ground and frequently put objects in their mouths, thus they may have closer contact with contaminated soil or house dust. 6 Several studies have observed elevated blood lead (Pb), relative to control communities or national average levels, in young children living near mining waste in the United States, [7] [8] [9] Australia, 10 Sweden, 11 and China, 12 whereas other studies of pregnant women and young children have not. 13, 14 Particle size distribution, metal speciation, and other mine waste characteristics can influence metal bioavailability, 10, 15, 16 although few studies have directly evaluated associations between these physicochemical characteristics and metal concentrations in humans or examined exposure pathways for metals other than Pb.
We have previously reported elevated Pb, zinc (Zn), and cadmium (Cd) concentrations in solid mine waste piles, 16 locally known as "chat," dispersed throughout the community surrounding the Tar Creek Superfund Site, a legacy Pb and Zn mining area in northeastern Oklahoma, USA. 17 We also documented the presence of mine waste in respirable ambient particulate matter 18 and found associations between residential proximity to chat piles and metal concentrations in house dust. 19 Homes with two or more chat sources (proximity to piles, residential foundation, or driveway chat) had dust Pb, Zn, Cd, and arsenic (As) concentrations two to three times higher compared with that in homes without these sources present, after controlling for Pb-based paint and other non-mining sources.
Given the presence of mine waste metals in residential exposure media and limited knowledge on critical exposure pathways for the youngest children (age 0-1 years), the objective of this study was to evaluate associations between metals (Pb, manganese (Mn), As, Cd) levels in infants' homes (indoor particulate matter that is o2.5 μm in size (PM 2.5 ), house dust, yard soil, tap water) and their body burden (estimated by biological markers: blood and hair). We hypothesized that dust metal concentrations would have the strongest associations with exposure biomarkers given that young children begin to explore their indoor environments in this age range through mouthing, crawling, and other behaviors. Understanding associations between metals levels in contaminated residential media and infant exposures is important for developing source mitigation and exposure reduction strategies.
METHODS

Study Population
Families were recruited from the Metals Assessment Targeting Community Health ("MATCH") prospective birth cohort study of the Center for Children's Environmental Health and Disease Prevention Research at the Harvard T.H. Chan School of Public Health (HSPH) (Boston, MA, USA). Women were recruited from 2002 to 2011 at the Integris Baptist Regional Health Center (Miami, OK, USA), the only hospital in Ottawa County, during prenatal visits or at delivery (described in Ettinger et al. 20 ). Eligibility criteria included giving birth at Integris Hospital, intent to live in the area for ⩾ 2 years, no other children concurrently enrolled, and English language proficiency.
For the present study, conducted in 2005-2006, we recruited a subset of 53 families from the birth cohort to participate if their enrolled child was o12 months of age and had a primary residence in Ottawa County. Recruitment strategies for this subcohort, as well as neighborhood and household characteristics, are described in Zota et al. 19 We oversampled families living within the Superfund site boundaries as the majority of chat piles are located within the boundaries and we were primarily concerned with chat metal exposures. Most (76%) of the birth cohort lived outside the site boundaries. However, while only 24% lived near (⩽0.5 km) a chat pile, chat may be transported through air and water away from piles, 21 and homes throughout the region may have other sources of chat. For example, chat was used in driveways (42%) and housing foundations (18%) of some study homes. 19 Additionally, chat has been used in industrial materials (e.g., gravel, cement), which can find their way into more distant communities. When feasible, we conducted two in-home sampling sessions per home to represent infant developmental stages before and during initial ambulation: one (S1, n = 50) when the infant was~0-6 months of age and the second (S2, n = 47) when the infant was~6-12 months of age. Of the 53 participant families, 47 (89%) did not move between S1 and S2 sampling sessions and, of those, 33 (70%; 62% of total) participated in both sessions (Figure 1 ). Study protocols were approved by the Human Subject Committees of Integris Health and HSPH; informed consent was obtained from all participants.
Blood and Hair Samples
Blood samples were collected at birth (umbilical cord), 12, and 24 months of age using trace element-free BD Vacutainer royal blue top, venous blood collection tubes with K 2 EDTA (no. 368381; Becton Dickinson, Franklin Lakes, NJ, USA) and shipped to the HSPH Trace Metals Laboratory for analysis. Samples were digested in concentrated HNO 3 for 24 h, and then diluted with deionized water after 30% H 2 O 2 addition. Acid-digested samples were analyzed for Pb, Mn, and Cd using inductively coupled plasma-mass spectrometry (ICP-MS) with dynamic reaction cell (Elan 6100; Perkin-Elmer, Norwalk, CT, USA) with external calibration and indium as the internal standard. The limit of detection (LOD) was 0.02 μg/dl for each metal. Cd levels in umbilical cord blood are not available for this study because all of the samples measured in the first 50 infants born to this cohort (from December 2002 to January 2003) had Cd levels oLOD; therefore, based on limited resource availability, the decision was made not to measure Cd in umbilical cord blood samples.
We also collected hair samples (~0.13 g) at age 12 months using stainless-steel scissors, cutting as close as possible to the scalp. Hair samples were digested and analyzed for total As, Pb, Mn, and Cd using ICP-MS following. 22 The LOD was 0.2 ng/g for each metal. QC measures included analysis of calibration verification standards, laboratory blanks and duplicates, National Institute of Standards and Technology (NIST) Standard Reference Material 1643e (Trace Elements in Water), an NIST-traceable 5 ng/ml mixed element standard solution, and Certified Reference Material GBW 09101 (Human Hair; Shanghai Institute of Nuclear Research, Shanghai, China). Metal recoveries in the QC standards ranged from 90% to 110% of certified values. Precision (relative percent difference of the duplicates) was ⩽ 5% (hair sample masses were insufficient for duplicates, thus precision was based on repeated analysis of the Certified Reference Material). Reported results are the average of five replicate measurements on the ICP-MS.
Residential Samples
Indoor PM 2.5 , dust, and tap water were collected by trained technicians between July 2005 and September 2006, with up to two sampling sessions (denoted as S1 and S2) per home. At S1, technicians also collected yard soil samples, screened house paint for Pb (Thermo Fisher Scientific NITON 300 Series Lead Paint Analyzer; Thermo Fisher Scientific, Billerica, MA, USA) (note: interior Pb paint was only present in 4 of the 53 homes (7.5%)), and visually checked the home for driveway and foundation chat, and noted the size, structure, and general condition of each home. Technicians also interviewed caregivers on the home environment and infant feeding practices.
Detailed methods for PM 2.5 , dust, and soil sampling and analysis were described previously. 18, 19 Briefly, 2-week PM 2.5 samples were collected from the main living area and analyzed using energy-dispersive X-ray fluorescence (ED-XRF) at US EPA's National Exposure Research Laboratory. 18 LODs ranged from 0.3 to 0.8 ng/m 3 . Dust samples were collected from 2 m 2 of the main living area floor, sieved to o250 μm, microwave digested with HNO 3 , and analyzed using ICP-MS at HSPH. 19 LODs were 0.1 μg/g (Pb, Cd, As) and 0.2 μg/g (Mn). Dust loadings (μg/m 2 ) were calculated as (concentration × mass collected)/area vacuumed. Four dust samples had insufficient mass ( o0.1 g) for analysis. Soil samples were collected from the top 2 cm of front entryway soil, sieved to o 2 mm, and analyzed for the target metals using ED-XRF at Wellesley College (Wellesley, MA, USA), and again for Cd and As (often below the ED-XRF's LOD of 1 mg/kg for each metal) at HSPH using ICP-MS with the same LODs as dust. Figure 1 . Overview of study design and sample availability at various time points. *Six participants dropped out and six participants moved after SS1; those who moved had their new homes sampled in SS2. Three participants had their home sampled once in SS2. A total of 38 participants had both sampling sessions completed in the same home and, of those, 33 had blood samples at 12 months of age.
Soil samples were also analyzed for bioaccessible metal concentrations at HSPH using the Simple Bioaccessibility Extraction Test 23 when adequate mass was available (n = 48 of 53). Briefly, samples were sieved to o250 μm, digested in simulated gastric fluid (0.4M glycine), bubbled with high purity N 2 for 30 min, adjusted to pH 1.5 (±0.05) with HCl, shaken end-over-end in an incubator (37°C) for 1 h, and centrifuged (4000 r.p.m.) for 15 min. The supernatant was filtered (0.45 μm), diluted with deionized water, and analyzed by ICP-MS. QC measures included digestion and analysis of blanks, laboratory duplicates, and NIST 2711 (Montana Soil). LODs were 0.094, 0.004, 0.001, and 0.018 μg/g, respectively, for Pb, Mn, Cd, and As. The mean bioaccessible fraction of Pb in NIST 2711 (calculated as bioaccessible/total concentration) was 0.81 ± 0.33 (n = 5), close to EPA's mean value of 0.84 ± 0.06 (n = 83; EPA 23 ). Relative percent differences between duplicate pairs (n = 5) were 2.6 ± 2.5%, 2.2 ± 1.6%, 1.3 ± 1.6%, and 2.1 ± 1.3% for Pb, Mn, Cd, and As, respectively.
Flushed tap water samples were collected by technicians in acid-rinsed polyethylene bottles after running the tap for 3 min. Halfway through the study, we started asking participants to collect an additional sample of standing tap water before the first morning use; approximately half of the S1 and nearly all of the S2 homes provided both standing and flushed samples. Samples were stored frozen, thawed, and acidified (pHo 2) using concentrated HNO 3 , and analyzed using ICP-MS at HSPH. Mean ± SD relative percent differences of 18 flushed water duplicates were (%): Pb, 14 ± 17; Mn, 17 ± 21; Cd, 9 ± 26; and As, 21 ± 16. Target concentrations in NIST SRM 1643e were within ± 10% of certified values except for Pb (±23%). Field blanks (n = 17) were collected by carrying empty bottles to home visits and then filling them with deionized water at the field office. Sample concentrations were blank corrected. LODs were (μg/l): Pb, 0.14; Mn, 0.05; Cd, 0.09; and As, 0.13.
All samples analyzed at HSPH were handled in a Class 10 000 clean room where plasticware was soaked overnight in 10% HCl and rinsed several times with deionized water. A small number of PM 2.5 , dust, and water samples were missing from each session because of equipment failure, small sample volume (dust), or other reasons.
Statistical Analyses
Statistical analyses were conducted in SAS version 9.2 (SAS Institute, Cary, NC, USA). Metal concentrations provided by the analytical instruments were used for observations oLOD. When the instrument provided a negative value (1 indoor PM 2.5 Pb and 1 cord Pb measurement), observations were replaced by LOD/√2. Metal concentrations in biological and residential samples approximated lognormal distributions and were natural log(base e)-transformed before analysis. Descriptive statistics were calculated for each analyte and for covariate data. For Pb and Mn, paired t-tests were used to test differences between mean levels in cord and 12-month blood, and 12-and 24-month blood. Spearman's correlation coefficients (ρ) were calculated to evaluate associations between concentrations of each metal in: cord and 12-month blood; blood and hair; and between the S1 and S2 residential concentrations for those families who did not move between sessions.
We fit all models in two ways, using observations only from families with data from both sampling sessions who did not move between sessions and also using data from all available families. For Pb, we used linear regression analysis to evaluate associations between residential concentrations with: 12-month blood concentrations and the difference between 12-month and cord blood Pb (Δ12-month cord Pb) as a proxy for the Pb body burden acquired during the first year of life, adjusting for covariates known to influence young children's blood metals levels, including: sex, breastfeeding duration (0-6, ⩾ 6 months), mother's race/ethnicity (White, Native American, Other), and blood sampling season (winter (October-March), summer (April-September)). 24 From these models, we estimated the percent change in blood metal concentrations for a doubling of metal concentration in environmental media as (exp (ln 2 × β)-1) × 100%, with 95% CI estimated as (exp[ln 2 × (β ± 1.96 × SE)]-1) × 100%, where β and SE are the regression coefficient and standard error, respectively.
We fit similar models using the residential and 12-month blood Mn and hair concentrations for all four metals. We did not use Δ12-month cord Mn as a dependent variable in any models as cord blood Mn was generally higher compared with 12-month levels, and, because Mn is an essential trace nutrient, differences may reflect biological variation in blood concentration rather than environmental exposure. For Cd, which was not analyzed in cord blood and was detected in o50% of 12-and 24-month blood samples, we fit logistic regression models to evaluate associations between residential Cd concentrations and the log odds of Cd detection in 12-month blood, controlling for sex, breastfeeding, maternal smoking (yes/no), and mother's race/ethnicity.
In separate analyses, we used mixed-effects regression to model associations between residential concentrations and blood Pb from all three time points (0, 12, and 24 months of age) using random-subject effects and unstructured covariance to account for intrasubject correlation. Three sets of mixed models were fit: (1) unadjusted, (2) adjusted for child's age at blood collection, and (3) adjusted for child's age, sex, maternal smoking, mother's age at delivery, breastfeeding duration, mother's race/ ethnicity, and blood sampling season. We repeated the mixed-effects regressions for Mn (without adjustment for season).
Regression model assumptions (normality, homoscedasticity) were evaluated by examining plots of predicted values vs residuals and histograms of residuals. Potentially influential points were evaluated using Cook's Distance, leverage statistics, and examining model results with and without observations producing an absolute studentized residual 43. For the logistic regressions, we examined plots of the Pearson's and deviance residuals and the hat diagonals. Model fit was evaluated using the adjusted R 2 (ordinary least-squares regressions), the generalized R 2 (logistic regressions), and Akaike's information criterion and the R 2 from a regression of predicted vs observed values (mixed-effects regressions). Statistical significance was assessed at α = 0.05. Table 1 shows selected characteristics of participating motherinfant pairs. Over half the mothers were white and~1/3 reported Native American ancestry. Nearly all (87%) had at least a 12th grade education, and most (81%) were non-smokers, and three-quarters reported breastfeeding their infant for o6 months. Mothers' mean (± SD) age at delivery was 25.9 ( ±6.5) years, while most had health insurance through the OK Medicaid program, which is more inclusive for pregnant women (data not shown). The 12-and 24-month follow-up subcohorts were generally similar to the original, with slightly more female children and slightly more educated mothers, who breastfed longer, in the 24-month subcohort compared with the other two. (Table 2) with Pb increasing and Mn decreasing over time ( Figure 2 , panels a-d). Paired t-tests revealed that 12-month-old blood Pb levels were significantly higher than cord blood Pb levels (P o 0.0001), whereas differences between 12-and 24-month blood Pb levels were only marginally significant (P = 0.08). For blood Mn, cord blood levels were significantly higher compared with 12-monthold levels, and 12-month-old levels were significantly higher compared with 24-month-old levels (P o 0.05). Three infants (7%) had blood Pb ⩾ 5 μg/dl, the CDC reference level, 24 at 12 months (none of these provided 24-month blood samples), whereas another child had a 24-month blood Pb ⩾ 5 μg/dl. Cd was detected in only 47% and 41% of the 12-and 24-month old samples, respectively. Among the children with blood samples from both time periods (n = 22), mean blood Cd did not differ significantly at 12 and 24 months (not shown). Correlations between cord and 12-month-old blood were not statistically significant for Pb (ρ = − 0.0001, P = 0.99) or Mn (ρ = 0.22, P = 0.15), whereas the correlations between 12-and 24-month blood were significant for Pb (ρ = 0.75, P o0.01) and Mn (ρ = 0.56, Po 0.01). We did not calculate correlations for blood Cd because detection frequencies were o 50%.
RESULTS
Participant Characteristics
All four metals were detected in 100% of hair samples, with geometric mean concentrations highest for Pb, followed by Mn, Cd, and As (Table 2 ). Most hair samples (87%) were collected at 12 (except n = 4 at 6 and n = 1 at 18) months of age. There were no significant correlations between 12-month blood and hair.
Residential Environmental Concentrations Except for Cd, the target metals were frequently detected in indoor PM 2.5 and tap water, whereas all four were detected in 100% of dust samples (Table 3) . Pb and Mn concentrations were generally higher compared with Cd and As in each medium. Pb levels were significantly correlated between sampling sessions for PM 2.5 , dust, and flushed water (ρ = 0.35-0.73), but not for standing tap water. Mn levels were significantly correlated between sessions in all media (ρ = 0.41-0.72, all P ⩽ 0.01) as were As levels (ρ = 0.46-0.61, all P o0.05). Low (o 50%) detection frequencies precluded correlation analyses of Cd in PM 2.5 and water, whereas Cd dust levels were significantly correlated between sessions (ρ = 0.48-0.65, all P o0.01). All four metals were detected in 100% of soil samples (Table 4) . Soil concentrations (total and bioaccessible) were highest for Pb and Mn, with 17% of total Pb concentrations exceeding the EPA 400 mg/kg screening level for Pb in residential soils.
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Blood Pb Predictors Blood Pb was consistently and significantly associated with dust Pb: in the 12-month blood models, a doubling of mean dust Pb concentration was associated with 28-34% higher blood Pb, depending on whether S1, S2, or the mean of S1 and S2 (mean S1S2) measurements were used (β-coefficients presented in Table 5; Supplementary Table S1 shows results using all available observations). In Δ12-month cord Pb models, a doubling of dust Pb was associated with 36-49% higher blood Pb. Using the S2 concentrations produced a slightly better fit in the adjusted models, whereas the dust effect estimates were slightly larger in the mean S1S2 models. Blood Pb was also significantly associated with dust Pb loading with slightly lower effect estimates than the concentration models. Diagnostic plots suggested that model assumptions of normality and homoscedasticity were valid, whereas influence statistics suggested that no one observation (s) substantially influenced results in the majority of the models.
Blood Pb was not significantly associated with indoor PM 2.5 or total soil Pb in any model. The association between blood Pb and bioaccessible soil Pb was marginally significant but only in the 12-month blood model. Although 12-month blood Pb was not significantly associated with flushed water Pb, there were consistent, significant/marginally significant associations in the standing water models; in these models, however, regression coefficients were the opposite sign (i.e., negative) from expected.
In the mixed regression models, blood Pb was significantly associated with dust Pb concentration, with a doubling of average dust Pb concentration associated with a 13-29% increase in blood Pb depending on model (Supplementary Tables S5-S6 ). Adjusted dust concentration models explained 29-35% of the overall variance in blood Pb, depending on model. Blood Pb was also significantly associated with dust Pb loading in the mixed models with smaller effect estimates than dust concentration. Blood Pb Correlation analysis only includes homes where both sampling sessions were conducted in the same home, that is, the participants did not move between sampling sessions b LODs: indoor PM2.5 = LODs are sample specific but range from 0.3 to 0.8 ng/m3 for the target metals; dust = 0.1 μg/g (Pb, Cd, As) and 0.6 μg/g (Mn); water = 0.14 μg/l (Pb), 0.05 μg/l (Mn), 0.09 μg/l (Cd), and 0.13 μg/l (As). c Correlation analysis not conducted when detection frequency was o50%.
was significantly associated with PM 2.5 Pb but not consistently across models. Blood Pb was also significantly associated with total and bioaccessible soil Pb in the age-only and fully adjusted models. Blood was not significantly associated with flushed water in any mixed model, while significant, negative associations were observed between blood and standing water, particularly in the S1 models. Tables S7-S9 (Supplementary Information) . We found significant, inverse associations between 12-month blood Mn and Mn in both standing and flushed water samples. Similar inverse associations were observed with tap water in the mixed 12-month blood models. Blood Mn was not significantly associated with Mn in the other media. In the adjusted Cd models, total and bioaccessible soil Cd were marginally significantly associated (P o 0.10) with increased odds of Cd detection in 12-month blood.
Blood Mn and Cd Predictors Mn and Cd regression results are presented in Supplementary
Hair Metal Predictors Dust loadings significantly predicted log hair concentrations of Pb, Mn, and Cd but not As (Table 6 and Supplementary Table S2;  Supplementary Tables S3-S4 show results using all available observations). Hair Mn and Cd concentrations were also significantly associated with the corresponding concentrations in dust but not consistently across sampling sessions. All other associations were either marginally or not significant, or produced regression coefficients with signs in the opposite direction from expected. Unadjusted results (Supplementary Table S2) were not appreciably different from covariate-adjusted results (Table 6 ).
DISCUSSION
We studied environmental metal concentrations in residential media and infant exposure levels during the first year of life when young children begin to explore their indoor environments. When feasible, we conducted two sampling sessions per home to represent infant developmental stages before (0-6 months of age) and during (6-12 months) initial ambulation. We hypothesized Abbreviations: As, arsenic; Cd, cadmium; ED-XRF, energy-dispersive X-ray fluorescence; ICP-MS, inductively coupled plasma-mass spectrometry; LOD, limit of detection; Mn, manganese; Pb, lead. All samples were 4LOD. a Samples sieved to o 2 mm and analyzed for Pb and Mn using ED-XRF and Cd and As using ICP-MS (Zota et al. 19 ). b Samples sieved to o250 μm and analyzed for bioaccessible metal concentrations using the Simple Bioaccessibility Extraction Test (EPA 2009); LODs: 0.094 μg/g (Pb); 0.004 μg/g (Mn); 0.001 μg/g (Cd); 0.018 μg/g (As). Regression analyses use ln-transformed blood and environmental concentrations; adjusted analyses control for sex, breastfeeding (0-6 months, ⩾ 6 months), mother's race/ethnicity (White, Native American, Other), and blood sampling season (winter, summer). Except for soil models, includes only participants with measurements from both sessions and who did not move between sessions (N = 33); see Supplementary Table S1 for analyses using all observations. b Models fit excluding one 12-month blood Pb outlier (defined as an observation with an absolute studentized residual 43.
that biomarker metals concentrations would have the strongest associations with dust metals concentrations given that young children in this age range tend to crawl on floors and make contact with objects or surfaces using their mouth. Our study suggests that environmental factors can influence body burden in early life before they are toddlers and understanding these relationships has important implications for developing source mitigation strategies and for future research.
Pb concentrations in the Tar Creek biomarker and residential samples were generally higher, while As, Mn and Cd levels were similar to those of the general population. 26 In 1997, Malcoe et al. 7 measured Pb in soil, dust, and water from 224 homes of children aged 1-6 years living in Ottawa County, Oklahoma, and reported medians/95th percentiles similar to ours. However, median blood Pb levels in our study (1.5 μg/dl) were lower compared with the median (5 μg/dl) observed in that sample, which may be due to the older age of the children in the Malcoe et al. cohort. These differences also likely represent general trends in US children's blood Pb levels, as well as population-specific blood Pb declines in the Tar Creek Superfund site area attributable to intensive soil remediation and education/outreach. 27 Despite these overall declines, four children in our study had blood Pb 45 μg/dl, which is important to note because children in our study are younger than the age range when blood Pb levels appear to peak around 18-36 months, 28 suggesting that earlier and continued surveillance may be necessary, particularly in highly exposed communities, such as those impacted by hazardous wastes. In fact, blood Pb increased from birth to 12 months for most of the study infants (median increase = 1.3 μg/dl). Further, although we observed Pb loadings lower than EPA's floor dust standard (40 μg/ ft 2 ; EPA 29 ), the study median (GM = 32.3 μg/m 2 or 3.0 μg/ft 2 ) was several μg/ft 2 higher compared with the geometric mean of a 1999-2004 national sample of homes (GM = 0.5 μg/ft 2 ) of children aged 1-5 years. 30 Blood Mn levels in our study were generally lower compared with those in two studies showing associations between infant blood Mn and adverse neurodevelopmental outcomes. 31, 32 We previously reported that dust Mn in our study homes is likely due to non-mine waste sources as Mn is not enriched in chat. 19 In Takser et al. 32 and several studies of school-aged children (reviewed in Rodríguez-Barranco et al. ), water ingestion was the major exposure pathway of concern. We observed water levels 1-2 orders of magnitude lower compared with that in those studies. Cord blood Mn levels in our study were similar to cohorts in North America, Europe, South Africa, and China, [33] [34] [35] [36] and we observed a similar drop from birth to 24 months as that reported by Gunier et al.
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Although Cd is enriched in Tar Creek chat, 16 and we previously reported higher dust Cd concentrations in Tar Creek homes near chat sources, 19 blood Cd levels (95th percentile) for 1-2 year olds in our study (0.1 μg/dl) were lower compared with those in a concurrent (2005-2006) NHANES cycle (0.23 μg/dl) for children in Table S3 for analyses using all observations; adjusted analyses control for sex, breastfeeding (0-6 months, ⩾6 months) and mother's race/ ethnicity (White, Native American, Other). Pb models also adjusted for hair sampling season (Winter, Summer).
b Pb models fit excluding one 12-month hair Pb outlier (defined as an observation with an absolute studentized residual 43.
the same age group. 37 However, this could reflect population differences in environmental tobacco smoke and dietary intakes, as well as other environmental Cd exposures.
We previously reported that proximity to chat piles and presence of driveway/foundation chat were associated with higher dust As in these homes, and that nearly all the dust and soil samples exceeded EPA's soil screening level of 0.4 μg/g. 19 Drinking water is commonly the exposure source of concern in many health-related studies of As, thus it is noteworthy that none of our tap water samples contained As above EPA's 10 μg/l standard. 38 We did detect As in 100% of hair samples but levels were all below background levels (1 μg/g; ATSDR 39 ) and the lack of US reference data makes it difficult to interpret the health implications of these values.
Importance of House Dust vs Other Exposure Media Blood Pb was consistently associated with dust Pb concentrations and loadings in the study infants, and hair Pb, Mn, and Cd were associated with their corresponding dust levels. While the blooddust association is well established for young children with low-tomoderate Pb exposure, [40] [41] [42] [43] ours is one of two studies examining the biomarker-dust relationship for the other metals in children. Gulson et al. 44 collected longitudinal samples of Pb and Mn blood, house dust (five types), soil, and duplicate diet samples from 108 children age 0-5 in Sydney, Australia. 44 Although they did not age stratify their results, they found dust accumulation (μg/m 2 /30 day) the only significant blood Pb predictor, while no medium predicted blood Mn.
Indoor PM 2.5 concentrations were significantly associated with blood Pb in some, but not all, of the models and not significantly associated with biomarker concentrations of Mn, Cd, or As. We previously reported that mine waste contributes~40% of the Pb in ambient/outdoor PM 2.5 samples from the Tar Creek area 18 and such particles can infiltrate indoors where they can be inhaled and/or deposit onto house dust. Given the strength of the blooddust Pb relationship and the dust-PM 2.5 correlation in our study, dust may represent a better measure of infant Pb exposures than PM 2.5 when resource constraints limit sample collection. Dust was also a good proxy for hair Mn, which is the Mn biomarker used in many epidemiologic studies. 3 Dust Pb concentration was consistently associated with blood Pb, while dust Mn loading was consistently associated with hair Mn, thus both dust measures may be useful when assessing infant exposures.
Blood Pb was not consistently associated with total soil Pb in any model, while blood was significantly associated with bioaccessible soil Pb in some of the mixed models, and marginally significantly associated in the 12-month models. Because soil Pb (total and bioaccessible) concentrations were correlated with dust Pb (ρ = 0.35-0.55, all P o 0.05), it is not clear what information soil measures add beyond the contributions of dust when evaluating infant exposures because infants spend the majority of time indoors. We did not anticipate finding the consistent inverse association observed between blood Pb and standing water or blood Mn and flushed water. This may reflect unmeasured confounders such as the presence of iron and other chemical constituents in the drinking water supply and delivery system or by neighborhood characteristics, which could both affect drinking water supply and blood metal levels. Our study focused on modeling empirical relationships between the various environmental media and biomarker levels. Future work could use our environmental media and bioccessibility data in forward dosimetry models such as the Integrated Exposure Uptake Biokinetic (IEUBK) model to assess its predictive value for younger children who are exposed to low-to-moderate levels of Pb. 45 Sample Collection Timing Although dust Pb measurements (concentration and loading) were strongly correlated between sampling sessions, S2 concentration measurements fit the data better than S1 measurements in the 12-month blood Pb models. This might be expected given that the S2 dust samples were concurrent with the 12-month blood samples and 6-12-month-old infants generally spend more time on the floor, thus likely having more dust exposure, compared with 0-6 month olds. On the other hand, dust effect estimates in the 12-month-adjusted models were~10-30% higher when mean S1S2 Pb was modeled instead of the individual S1 or S2 measurements. Similarly, the dust effect estimates in the hair Mn models were~15-40% higher when mean S1S2 was included, indicating that an average dust measurement from the first year of life may be more predictive than either measurement alone. This suggests that dust may accumulate over time and multiple dust measurements over a study may be needed to fully capture infant exposure, but samples concurrent to biomarker sampling were also useful in estimating exposures in the first year of life.
Strengths and Limitations
The major limitations of our study include the modest sample size and lack of complete exposure media and biomarker data at each time point. We only had comparable data for 33 families (62%) who did not move between sampling sessions and participated in both. In general, our models explained o 40% of the variance in the log biomarker concentrations. Although biomarker and residential data are known to have associated measurement error, there were other factors we did not measure, such as metal concentrations in dietary samples. Infant foods such as formula and rice cereal may be enriched in Mn and As, respectively. 46 In addition, levels of lead in breast milk are associated with infant lead levels in the first year of life. 47 We also did not measure infant nutritional status. Iron, zinc, and calcium status are known to affect uptake of metals from the environment. 48 We did, however, adjust models for breastfeeding status, an important indicator of infant nutrition. Given the small sample size, we could not fully adjust for all relevant housing, family, or neighborhood characteristics. Nonetheless, this is one of the first studies to extensively measure multimedia exposures to several metals among infants (⩽12 months of age) living in a mine waste affected community. This is also one of the first to integrate bioavailability with concentration data when assessing environmental exposures as predictors of infant body burden. Conducting such studies in areas where mining waste is present provides an opportunity to quantify important exposure media and pathways for infants using metal biomarkers. Soil bioavailability was not a consistent predictor of blood lead, but this approach warrants consideration in larger studies of older children who may spend more time outdoors, and assessments of dust bioavailability may further improve exposure estimates.
CONCLUSIONS
Although concentrations in household dust and children's blood were generally lower than health-protective standards, our work shows that children can be exposed to multiple mine waste metals through household dust. Additionally, these relationships were observed at a young age (o 2 years), typically before blood lead levels peak and a life stage in which children's brains may be particularly vulnerable to toxic insult. The lack of consistent associations between the other exposure media (e.g., air and soil) may reflect the fact that infants spend the majority of their time indoors, and also suggests that risk assessments and exposure mitigation strategies at hazardous waste sites should make house dust a priority, particularly for young children.
